INTRODUCTION
Corn distillers dried grains with solubles (DDGS) is a readily available and economical coproduct of ethanol production that is commonly added to grower-finisher swine diets to partially replace corn, soybean meal, and inorganic phosphorus.
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age responses are inconsistent when adding DDGS to grower-finisher diets (Stein and Shurson, 2009 Xu et al., 2010b) . Therefore, the concentration of PUFA, C18:2, and IV of pork fat increases when pigs are fed diets containing DDGS (Widmer et al., 2008; Xu et al., 2010a,b) , resulting in reduced belly firmness (Whitney et al., 2006; Browne et al., 2013) . Tallow is an economical and readily available fat source that is relatively high in SFA and may alleviate the negative pork fat quality effects from PUFA when included in diets containing high levels of DDGS (Averette Gatlin et al., 2002) . However, little information exists on the effects and interactions of feeding DDGS and tallow in diets for grower-finisher pigs. Therefore, the objective of this study was to assess the effects of adding 0 or 30% DDGS with and without 5% supplemental tallow to corn-soybean meal diets on growth performance, carcass characteristics, and pork fat quality of growing-finishing pigs.
MATERIALS AND METHODS

Animals and Housing
The University of Minnesota Institutional Animal Care and Use Committee approved all experimental procedures. A total of 315 mixed sex pigs were housed in an environmentally controlled grower-finisher facility at the University of Minnesota Southern Research and Outreach Center in Waseca, MN. Pigs were blocked by initial BW (32.4 ± 1.9 kg) with barrows and gilts housed in separate pens (2.0 by 3.0 m; 7 to 8 pigs/pen), but fed the same diets. Pens (n = 40) consisted of totally slatted concrete flooring, a selffeeder with 2 spaces, and 1 cup water drinker. When the average BW of pigs in each pen was approximately 30 kg, pens were randomly assigned to 1 of 4 dietary treatments to begin the experiment.
Ingredients and Dietary Treatments
A single lot of DDGS was obtained from Absolute Energy LLC (Lyle, MN) and 1 batch of tallow was sourced from Origo (New Ulm, MN). Samples of DDGS were analyzed for mycotoxins (by HPLC) and fatty acid profile (method 996.06; AOCS, 1998), while tallow was analyzed for moisture (method Ca2C-25; AOCS, 1998), impurities (method Ca3A-46; AOCS, 1998) Thaler and Reese, 2010) . Similarly, the MIU concentration of tallow was 0.42%, indicating good quality. Diets consisted of a corn-soybean meal control diet (CON), CON diet plus 5% tallow added at the expense of corn (T), CON plus 30% DDGS (D), and CON plus 5% tallow and 30% DDGS (TD; Table 3 ). All diets were formulated to contain similar standardized ileal digestible (SID) Lys:ME. All other nutrient requirements met or exceeded the NRC (1998) recommendations for pigs based on a lean tissue gain of 350 g/d.
Growth Performance Measurements
Pigs were monitored on a daily basis to watch for any adverse health conditions. Individual pig BW and pen feed disappearance were measured at 2-wk intervals to determine ADG, ADFI, and G:F. Pigs were fed according to a 3-phase feeding program with diets changing by phase when average pen BW of 60 or 90 kg was reached. Pigs were provided ad libitum access to feed and water for the duration of the experiment. 
Carcass Measurements
At 1 d before harvest, pigs (n = 315) were tattooed and individually weighed for subsequent carcass identification. Pigs were harvested when the average BW of all pigs was 113 kg. Carcass measurements were obtained at a commercial abattoir. Hot carcass weight was determined on-line and all other carcass measurements were obtained from the right side of the carcasses. Last rib backfat thickness and loin depth were measured by a trained and certified technician using ultrasound at the abattoir. These data, along with HCW, were used to calculate the percentage of carcass fat-free lean (FFL) according to procedures described by the National Pork Producers Council (2000).
Pork Fat Analysis
For pork fat quality measurements, 1 pig per pen (n = 20 gilts and 20 barrows) was selected based on BW closest to the average pen BW. Belly length and thickness were measured and recorded as described by Scramlin et al. (2008) . The degree of belly firmness was assessed by draping each belly skin, side down, over a smoke stick.
Distance between the inner edges of the belly was measured and recorded. The degree of firmness was calculated based on the following equation (Xu et al., 2010b) :
in which Len is half of the belly length and Dis is the distance between the 2 ends.Before measurement, bellies were squared up and measured approximately 57.6 cm in length.
Fat samples were collected from the belly fat and backfat for fatty acid analysis and IV calculation. Belly tissue samples, approximately 5 cm in diameter, were collected at the midline opposite the last rib. Similarly, a 5-cm sample of backfat was collected at the 10th rib on the right side of each carcass. Belly fat and backfat were measured for color parameters L*, a*, and b* using a HunterLab Miniscan with a D65 illuminant at 10° (Hunter Associates Laboratory, Inc., Reston, VA). Belly fat and backfat samples were also evaluated for visual fat color by 8 panelists using the National Pork Producers Council (2000) Japanese fat color scale (1 = white to 4 = yellow). Once fat color scores were obtained, samples were packed in sealed sample bags and frozen at -20°C until fatty acid analysis was performed.
Lipids were extracted from belly fat and backfat samples using the Folch et al. (1957) method where a 2:1 chloroform:methanol mixture was used. Extracted lipids were methylated to produce fatty acid methyl esters for gas chromatography according to modifications based on the work of Metcalfe and Schmitz (1961) . Fatty acid profiles were determined using gas chromatography (AOCS, 1998) . Iodine value and IV of the product (IVP) were calculated using the following equations: 
Statistical Analysis
Pen was used as the experimental unit for all data analysis. All analyses were conducted using the MIXED procedure of SAS (SAS Inst. Inc., Cary, NC). Dietary treatments were arranged in a 2 × 2 factorial with the random effect of block and fixed effects of sex, DDGS, and tallow. All interactions were included in the initial models but removed if not significant. Average belly thickness was used as a covariate in the belly flop angle analysis. The significance level was declared at P < 0.05 and trends are described at 0.05 < P < 0.10. The PDIFF option with Tukey adjustment was used for comparison of treatment least squares means. Pearson correlation coefficients were determined for associations between the belly fat and backfat IV with the IV of the diet using the CORR procedure of SAS.
RESULTS AND DISCUSSION
Composition of Distillers Dried Grains with Solubles and Tallow
The DDGS source used in this study contained 26.33% CP, 11.12% ether extract, 5.82% crude fiber, 4.25% ash, and 0.96% Lys (Table 1 ). The concentrations of MIU were low for the source of tallow used in this study, indicating freshness and good quality (NRA, 2003) . Tallow contained a greater concentration of ether extract than DDGS (Table 2) . Therefore, the concentrations of fatty acids were expressed as a percentage of the ether extract content. The predominant fatty acids in DDGS (as a percentage of ether extract) were linoleic acid (C18:2; 55.76%), oleic acid (C18:1; 25.16%), and palmitic acid (C16:0; 14.07%), with lesser amounts of stearic acid (C18:0; 1.89%) and linolenic acid (C18:3; 1.42%). Fatty acid composition (as a percentage of total fatty acids) of corn oil from the NRC (2012) is 53.5% for C18:2, 27.3% for C18:1, 10.6% for C16:0, 1.9% for C18:0, and 1.16% for C18:3. Therefore, the values obtained for fatty acid content of the DDGS source used in the current study were similar to those reported for corn oil by the NRC (2012).
The predominant fatty acids (as a percentage of ether extract) in tallow (Table 2) were C18:1 (43.93%), C16:0 (23.23%), and C18:0 (20.17%), with lesser amounts of C18:2 (3.91%), palmitoleic acid (C16:1; 2.72%), and myristic acid (C14:0; 2.51%). Fatty acid composition values (as a percentage of total fatty acids) for beef tallow from the NRC (2012) are 36.0% for C18:1, 24.9% for C16:0, 18.9% for C18:0, 3.1% for C18:2, 4.2% for C16:1, and 3.7% for C14:0. Therefore, the fatty acid composition values obtained for tallow in the current study were similar to those reported by the NRC (2012) with the exception of C18:1. The major SFA (C16:0, C18:0, and C14:0) represented 45.9% of the total fatty acids in tallow compared with only 15.9% (C16:0 and C18:0) in DDGS. Therefore, the concentration of unsaturated fatty acids, predominantly C18:2 in the D and TD diets, was 1.4 times greater than in CON and T diets (Table 3) .
Growth Performance
Pig mortality was not observed during the experiment. Initial and final BW (Table 4) did not differ among dietary treatments, but as expected, final BW of barrows was greater than the final BW of gilts (data not shown; P < 0.01). There were no DDGS × sex, tallow × sex, or DDGS × sex × tallow interactions. Therefore, only DDGS × tallow interactions are presented.
Overall, ADG did not differ among dietary treatments and there was no DDGS × tallow interaction. There was a DDGS × tallow interaction (P < 0.05) for overall ADFI where the addition of tallow depressed overall ADFI. This depression was greater when tallow was fed in the presence of 30% DDGS. Overall G:F was improved when pigs were fed tallow (P < 0.01) and there was no effect of DDGS. Stein and Shurson (2009) a-c Within a row, means without a common superscript differ (P < 0.05).
x-z Within a row, means without a common superscript differ (0.05 < P < 0.10).
1 PSE = pooled standard error. (Seerley et al., 1978; Feoli et al., 2007a; Apple et al., 2009 ). In the current study, supplementing diets with 5% tallow had no effect on ADG but reduced ADFI and improved G:F. The reduction in ADFI was likely caused by the increase in caloric density of the diet (Averette Gatlin et al., 2002; NRC, 2012) . The DDGS × tallow interaction (P < 0.05) for overall ADFI in the present study indicates that addition of tallow to diets with DDGS reduces ADFI. These results are similar to those reported by DeDecker et al. (2005) , where feeding growing-finishing pigs diets containing 30% DDGS and 3% choice white grease resulted in no difference in ADG compared to feeding the control diet, although a reduction in ADFI and an increase in G:F were observed. In contrast, Ulery et al. (2010) fed diets containing 45% DDGS and 0 or 5% tallow formulated on a SID AA basis, keeping SID Lys:ME constant, and observed that adding tallow improved ADG and G:F. Furthermore, when 40% sorghum DDGS and 5% beef tallow were fed to pigs, no difference was observed in G:F. However, ADG and ADFI were lower compared with pigs fed the corn-soybean meal control diet (Feoli et al., 2007a (Feoli et al., ,b, 2008 . The reasons for these inconsistent growth performance responses from feeding diets containing DDGS and animal fat are unclear but may be related to the accuracy of estimating the concentration of SID AA to energy (ME or NE) ratios used when formulating diets. Studies by Anderson et al. (2012) and Kerr et al. (2013) have shown substantial differences in DE and ME content among DDGS sources and have developed prediction equations to estimate DE and ME content.
Carcass Characteristics
There were no tallow × DDGS interactions for HCW, carcass yield, backfat depth, and loin depth ( Table 5 ). The addition of DDGS tended (P = 0.1) to cause a reduction of HCW and carcass yield compared with pigs not fed DDGS. Hot carcass weight has been shown to be reduced in some experiments when more than 20% DDGS was added to diets for growing-finishing pigs (Fu et al., 2004; Whitney et al., 2006; Linneen et al., 2008 ), but results from other studies have shown no change (Benz, 2008; Widmer et al., 2008; Xu et al., 2010b) ; Xu et al., 2010b; Widmer et al., 2008) . Likewise, some experiments reported reductions in carcass yield when pigs were fed DDGS (Cook et al., 2005; Gaines et al., 2007) , but other experiments reported no differences (Fu et al., 2004; Widmer et al., 2008; McClelland et al., 2012) . These different responses in HCW and carcass yield may be attributed to differences in visceral organ weight and gut fill as a result of higher NDF concentrations in DDGS diets because pigs fed high dietary levels of fiber have greater gut fill and greater visceral organ weight (Moeser et al., 2002) .
Pigs fed tallow had greater final BW, heavier (P < 0.01) HCW, and greater (P < 0.01) carcass yield compared with pigs fed no tallow. The increment in HCW and carcass yield that was observed for pigs fed tallow was independent from the level of DDGS. These results are consistent with those of other investigators who have demonstrated that adding supplemental fat increases carcass yield (Hale et al., 1968; Feoli et al., 2008; Jackson et al., 2009) .
Loin depth was not affected by feeding DDGS or tallow, and there was no DDGS × tallow interaction. Although 3 studies have shown that feeding diets containing up to 30% DDGS results in reduced carcass loin depth ( x-z Within a row, means without a common superscript differ (0.05 < P < 0.10).
1 PSE = pooled standard error.
2 There were no DDGS × sex, tallow × sex, or DDGS × sex × tallow interactions.
3 Backfat depth measured at the last rib.
4 National Pork Producers Council (2000). Lee et al., 2012) , results from 12 studies have shown no effect (Stein and Shurson, 2009 ). In general, the studies that have shown a reduction in loin depth from feeding DDGS diets were from pigs with lighter HCW due to reduced ADG. Averette Gatlin et al. (2002) found no differences due to dietary fat composition, including 5% tallow, on carcass loin depth, which is in agreement with results from the current study. Independent effects of feeding DDGS (P < 0.01) and tallow (P < 0.01) on backfat depth were observed, where pigs fed DDGS had lesser backfat depth than pigs fed no DDGS and pigs fed tallow had greater backfat depth than pigs fed no tallow. These results are in disagreement with previous reports (Cook et al., 2005; Whitney et al., 2006; Widmer et al., 2008 ) that showed no differences in backfat depth as a result of feeding DDGS diets but are in agreement with those reported by Xu et al. (2010b) showing a reduction in backfat resulting from feeding 30% DDGS grower-finisher diets compared with pigs fed corn-soybean meal control diets. The increased backfat depth (P < 0.01) from feeding diets containing 5% tallow in this study is in agreement with results previously reported (Miller et al., 1990) , a consequence of greater energy intake.
Addition of 5% tallow reduced (P < 0.01) carcass FFL to less extent when added to diets with 30% DDGS than when added to the corn-soybean meal diet (interaction, P > 0.1). The reason for the observed interaction between DDGS and tallow on FFL may be due to the differences in estimated ME supplied by fat and dietary fiber (Noblet and van Milgen, 2004) . Diet TD had 50% greater ME supplied from dietary fiber compared with diet T. Pigs fed TD also had less carcass yield, presumably due to greater size of visceral organs. Pigs consuming dietary fiber tend to compensate the greater gut fill with greater size of visceral organs (Kass et al., 1980; Anugwa et al., 1989) . This greater size of visceral organs is also associated with greater requirement of energy for maintenance and less energy available for growth or carcass deposition (Yen, 1997) . Also, TD contained a greater concentration of NDF than T, and a greater proportion of ME in TD was derived from NDF than in T. This observation is supported by others (Noblet and van Milgen, 2004; NRC, 2012) , who reported that efficiency of ME deposition from fat is greater than ME from dietary fiber.
Belly Fat and Backfat Characteristics
Pork fat quality can be characterized by belly firmness, belly thickness, IV, and fatty acid composition because these traits are important for belly processing and consumer acceptance. Belly firmness, as measured by the belly flop angle, is a subjective measurement, but it is often used as a visual tool to evaluate belly quality. Belly thickness is also a gross measurement of belly quality, with thick bellies being more desirable compared with thin bellies due to the fact that thin bellies are more conducive to further processing into bacon (NPPC, 2000) . Iodine value can be calculated from the fatty acid profile of adipose tissue and provides a measurement of the relative degree of unsaturation in pork fat. Finally, the fatty acid profile of pork fat is the most specific indicator of pork fat quality because it characterizes the specific fatty acid concentrations related to IV and pork fat firmness. Pork fat quality is of particular importance to bacon and sausage processors (NPPC, 2000) because soft fat, or fat high in PUFA, creates challenges associated with processing. For example, soft fat produces bacon slices that appear oily, stick together, separate from lean, and are subjected to faster rates of peroxidation. Current U.S. industry standards indicate that for acceptable pork fat quality, pork fat should contain less than 15% PUFA and more than 15% stearic acid and have an IV of less than 70 (NPPC, 2000) . Several previous studies have shown that there is a high correlation between C18:2 content and reduced pork fat quality (Averette Gatlin et al., 2002; Xu et al., 2010a,b; Benz et al., 2011) . Furthermore, Rentfrow et al. (2003) reported that soft pork fat is associated with more than 14% C18:2.
Belly firmness, as measured by the belly flop angle, was reduced (P < 0.01) by feeding DDGS and tended to be reduced by feeding tallow (P < 0.1; Table 6 ), and these effects of DDGS and tallow on belly flop angle were independent. The reduction in belly firmness when 30% DDGS was included in the diets is in agreement with previous research studies (Whitney et al., 2006; Xu et al., 2010b; Lee et al., 2012) . In contrast, a reduction of belly flop angle by feeding tallow was not expected. However, this reduction in belly flop angle is consistent with a reduction in the concentration of C16:0, C18:0, and SFA along with an increase in IV of belly fat. Less than expected deposition of SFA from feeding tallow or other lipid sources may be due to reduced digestibility of SFA (Pomerenke, 2012) .
Belly thickness tended (P < 0.10) to be greater among pigs fed tallow than in pigs fed no tallow and there was no effect of DDGS. Belly thickness has been shown to be linearly reduced when increasing levels of corn DDGS (Whitney et al., 2006; Weimer et al., 2008) and sorghum DDGS (Feoli et al., 2008) were added to grower-finisher diets. However, pigs in these studies had reduced ADG and, therefore, were marketed at a lighter BW than pigs fed control diets, which may have resulted in these differences. In studies where no differences in final BW were observed, there was no effect of feeding DDGS diets on belly thickness (Widmer et al., 2008; Xu et al., 2010b) . Furthermore, Apple et al. (2007) showed no effect of adding 5% tallow to grower-finisher diets on belly thickness. Correa et al. (2006) reported that belly thickness can be related to slaughter weight because animals heavier at harvest have thicker bellies due to greater fat deposition. In the present study, the ether extract content of the TD diets was approximately 3.3 times greater than CON, which may have led to greater lipid deposition in adipose tissue, leading to greater belly thickness.
Iodine value of pork fat is a measure of the ratio of unsaturated to saturated fatty acids, and the IV of tallow is less than IV of DDGS (NRC, 2012) . Therefore, we hypothesized that feeding tallow would decrease the IV of belly fat and backfat of pigs fed 30% DDGS. As expected, pigs fed 30% DDGS had greater (P < 0.01) IV of belly fat and backfat than pigs fed no DDGS. However, there was a DDGS × tallow interaction (P < 0.05) for belly fat IV, indicating that feeding tallow increased the IV of belly fat when added to CON but decreased belly fat IV when added to diets with 30% DDGS to a level that was not different from the IV of diet T. These responses are in agreement with those reported by Feoli et al. (2007b) , who observed a trend for a linear increase in IV when 2.5 or 5% tallow was added to 40% sorghum DDGS containing diets.
Belly fat IV was moderately but positively correlated (r = 0.49, P < 0.01) to the phase 3 diet IVP. Moreover, backfat IV was strongly associated (r = 0.81, P < 0.01) with IVP of the phase 3 diets. These observations suggest and agree with previous research observations that PUFA are preferentially deposited in the backfat compared to other fat depots (Villegas et al., 1973) . Fatty acids from adipose tissue located near body surface areas are more unsaturated than those from inner body fat depots (Anderson et al., 1972) , which may explain why backfat IV appears to have a better association with diet IVP than belly fat. Age of 4 Belly thickness was used as a covariate and significant effect P < 0.05.
the animal and stage of tissue development as well as the rate of fatty acid deposition are other factors that cause differential deposition of PUFA in backfat and belly fat. The deposition of PUFA near body surface areas can be related to their later development compared to the inner fat depots (Kloareg et al., 2007) .
Fatty Acid Composition of Backfat and Belly Fat
No DDGS × tallow interactions for fatty acid profile in belly fat or backfat were observed in this study. The lack of interactions suggests that adding tallow to DDGS diets does not counteract or act synergistically to change the composition of the major fatty acids in pork fat depots. Oleic acid (C18:1) and MUFA were in greatest concentration in belly fat and backfat among all fatty acids. Feeding DDGS reduced (P < 0.05) the concentration of C18:1 in belly fat and backfat. This reduction was in agreement with reduction in MUFA in backfat (P < 0.05) when feeding DDGS. On the contrary, feeding tallow increased (P < 0.05) the concentration of both C18:1 and MUFA in belly fat and backfat.
Palmitic acid (C16:0) and SFA were in the second greatest concentration among all fatty acids. The addition of DDGS or tallow to the diet reduced total SFA in both belly fat and backfat depots (P < 0.01). These results are in agreement with those reported from other studies where feeding diets containing tallow reduced the proportion of C16:0, total SFA (McDonald and Hamilton, 1976) , and C16:0 (Weber et al., 2006) in backfat. Therefore, adding tallow to diets, particularly those containing 30% DDGS, did not increase SFA content of belly fat and backfat to reduce IV in these fat depots. The reduction (P < 0.05) of SFA and the trend (P < 0.10) for reduced C18:0 in belly fat from feeding DDGS are in agreement with previous results (Benz, 2008; White et al., 2008; Xu et al., 2010b) .
Addition of 30% DDGS to diets nearly doubled the concentration of PUFA and linoleic acid (C18:2) in both backfat and belly fat (P < 0.05). The addition of 5% tallow had no effect on the concentration of PUFA and C18:2 in backfat or belly fat. These results indicate that feeding 30% DDGS diets to growingfinishing pigs has a negative impact on pork fat quality primarily due to its relatively high concentration of C18:2 that reduces SFA content of backfat and belly fat. Furthermore, the addition of tallow does not improve the overall fatty acid profile of backfat and belly fat because PUFA appear to be preferentially deposited over SFA in adipose tissue. The reasons for these differences in deposition of SFA vs. PUFA may be also explained by the differences in apparent ileal digestibility (AID) of fatty acids in diets with DDGS. The AID of SFA from tallow is less in diets with 30% DDGS than in corn-soybean meal diets (Pomerenke, 2012) .
Objective and Subjective Fat Color Scores
Fat color is an important quality characteristic influencing consumer buying decisions at the retail meat case. Addition of tallow or DDGS may affect the color of fat depots. Specifically, DDGS and corn oil contain fat-soluble pigments (xanthophils) that can cause yellow coloration in fat depots of pigs fed DDGS (Widmer et al., 2008; Xu et al., 2010a,b) . The addition of tallow to the diets did not impact objective (L*, a*, or b*) or subjective Japanese color score of belly fat or backfat, and there were no DDGS × tallow interactions (Table 7) . Belly fat and backfat of pigs fed diets with 30% DDGS had lower (P < 0.01) values for L*, a*, and b* than pigs fed no DDGS. These results indicate that feeding 30% DDGS diets causes a slightly darker color of belly fat and backfat. Responses to changes in L* values of backfat and belly fat from feeding DDGS diets have been inconsistent but may be related to the source of DDGS, feeding duration, and amount fed. Widmer et al. (2008) observed a trend for decreased L* in belly fat while increasing DDGS from 0 to 20% in the diet. Xu et al. (2010b) reported that belly fat L* was not affected by DDGS level, but backfat L* was reduced when pigs were fed 20 or 30% DDGS. Leick et al. (2010) and Xu et al. (2010a) showed no differences in L* values of belly fat due to the addition of up to 30% DDGS in corn-soybean meal diets.
In conclusion, results from this study indicate that feeding diets containing 5% tallow and 30% DDGS provides equivalent growth rate and improved gain efficiency compared to feeding corn-soybean meal diets. Feeding diets containing 5% tallow increases carcass yield and backfat depth but reduces the percentage of carcass FFL compared with feeding a corn-soybean meal diet. Adding 30% DDGS to grower-finisher diets dramatically increases the linoleic acid and PUFA content of belly fat and backfat, and adding 5% tallow to 30% DDGS diets does not improve belly firmness or belly fat and backfat IV. Minor changes in backfat and belly fat color occur as a result of adding 30% DDGS to diets and are generally not improved by adding 5% tallow to the diets. The addition of 5% tallow to 30% DDGS diets reduces IV of belly fat by 6%, but this change does not impact other belly quality attributes such as belly firmness, as measured by the flop angle. Table 7 . Effects of feeding 5% tallow and 30% corn distillers dried grains with solubles (DDGS) diets to growing-finishing pigs on belly fat and backfat color characteristics 3 L* = Hunter Miniscan lightness (0 = dark and 100 = light). 4 a* = Hunter Miniscan redness (-a = green and +a = red).
